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Abstract: The high fuel efficiency of natural gas makes it an attractive 

alternative to coal and oil during the transition towards renewable 

energy resources. Natural gas engines are needed to ensure a stable 

power grid that can accommodate fluctuations in renewable energy 

production. Unfortunately, these engines emit as much as 3-4% of the 

methane (CH4) in the natural gas under learn-burn conditions. This 

methane slip has a high environmental cost since CH4 is a potent 

greenhouse gas. Complete catalytic oxidation of CH4 can potentially 

control the emission. Unfortunately, the best performing Pd/Al2O3 

catalysts suffer from severe deactivation under operating conditions. 

After decades of little progress, zeolite-supported catalysts have 

recently attracted increased attention. Here, we review the current 

status, challenges, and prospects for controlling methane emissions 

from large engines using zeolite-based catalysts. The determining 

factors for catalytic activity and stability are the zeolite topology, 

alumina content, counter-ion, and active metal nanoparticles 

incorporation. In addition, we highlight the importance of testing under 

realistic operation conditions. Thus, the review provides a framework 

for developing a catalyst technology critically needed to fulfill the Paris 

Climate Agreement. 

Introduction 

Despite making up less than 2 ppm of the atmosphere, methane 

is responsible for at least one-sixth of the total radiative forcing,[1,2] 

a measure of the greenhouse gas (GHG) effect causing global 

warming. Therefore, the United Nations Environment Programme 

director recently stated that “Cutting methane emissions is the 

best way to slow down climate changes over the next 25 years”.[3] 

A significant source of anthropogenic methane originates from 

large stationary natural gas engines used for power production 

and maritime applications. This methane slip occurs when a part 

of the natural gas hides in small so-called dead volumes of the 

engine and leaves the combustion chamber unburned.[4] 

Unfortunately, the methane slip is currently emitted into the 

atmosphere because there are no regulations on methane 

emissions and no practical solutions to remove it from the highly 

diluted exhaust gas.[5,6] 

The most promising technology to control methane 

emissions is to pass the exhaust gas over a catalyst and convert 

the remaining CH4 into CO2 by complete oxidation. Although CO2 

is another well-known greenhouse gas, it is far less potent than 

methane. For comparison, methane’s 100-year global warming 

potential is around 28 times higher than CO2 (GWP100=27.9), 

and on a 20-year term, its GWP is even higher (GWP20=81.2).[1,7] 

These values are discussed in the most recent report from the 

Intergovernmental Panel on Climate Change (IPCC), which also 

emphasized the alarming consequences of the accelerating 

methane emissions.[8] Table S1 in the supporting information 

summarises methane’s relative environmental impact. 

Figure 1 shows how the high energy-to-carbon ratio of 

natural gas results in lower CO2 equivalent emissions than coal 

and oil. Unfortunately, the figure also shows how an untreated 

methane slip significantly increases the relative environmental 

impact. Considering the high energy demand and the projected 

increase in natural gas production, this underlines the critical need 

for an effective technology to control methane emissions. 

 

Figure 1. Impact of 0-3% methane slip on the total GHG emissions (in CO2 

equivalents) of large natural gas-fired engines compared to coal and oil on a 20- 

and 100-year perspective, respectively.  

Although methane has a high standard enthalpy of 

combustion (ΔHcº=-891 kJ/mol), the high C-H bond energy (435 

kJ/mol) in the stable CH4 molecule kinetically hinders the reaction. 

Therefore, complete methane oxidation requires an efficient 

catalyst that can lower the activation energy and allow the 

reaction to occur at reasonable temperatures, typically below 

<500 °C. Unfortunately, the catalyst still has to operate under 

demanding conditions in the presence of both sulfur-containing 

compounds from the fuel and large amounts of steam from the 

combustion process. These conditions cause fast and severe 

deactivation, which prevents commercial applications. 

After decades of little progress in complete methane 

oxidation, new advances in the use of zeolite-encapsulated metal 

nanoparticles have recently attracted increasing attention. These 

advances are not only relevant for the specific application of 

stationary methane emission control but also for a range of related 
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applications, including 1) compressed natural gas-fueled lean-

burn vehicles such as cars, busses, and trucks, which belong to 

the area of automotive catalysis but deal with many of the same 

challenges as stationary engines,[9,10] 2) catalytic combustion as 

a low-temperature method for extracting energy from natural gas 

without producing NOx,[11–13] 3) oxidation of ventilation air 

methane (VAM) for cleaning the emissions from coal mines,[14–16] 

and 4) flue gas oxygen removal as a means of CO2 purification.[17] 

Despite some differences in feed gas compositions, these 

applications have many similarities, aiming to mitigate emissions 

or recover energy. In this review, we have therefore treated these 

applications together. Table 1 shows the typical differences in the 

realistic feed gas compositions of the different applications.  

Table 1. Typical feed gas compositions for various applications that involve 

complete methane oxidation. 

Application CH4 O2 H2O CO2 Other 

pollutants 

Heat 

source 

Lean-burn 

emission 

control 
[18,19] 

0.1% 10% 10% 5% 1-10 ppm 

SO2
 

 

Exhaust 

Catalytic 

combustion 
[11–13,20] 

3% 20% None None H2S Self-

heated 

VAM 

oxidation 
[14–16] 

1% 20% 2% None H2S Self-

heated 

CO2 

purification 
[17] 

1.5% 3% None 85.5% H2S Exhaust 

 

Palladium-based catalysts are by far the most investigated 

catalysts for complete methane oxidation. The palladium is 

sometimes mixed with platinum and typically dispersed on various 

high-surface-area metal oxide supports. Specifically, Pd/Al2O3 

has attracted much attention over the years.[11,12,20–22] Figure 2 

illustrates a typical Mars-van Krevelen mechanism on Pd/Al2O3 

accompanied by the three most common types of deactivation.[23–

25] Although several excellent reviews have covered most of the 

recent literature on methane oxidation,[20,22] the recent advances 

in zeolite-based systems have not been covered as extensively. 

P. Gélin and M. Primet thoroughly reviewed the work done with 

zeolites for complete methane oxidation until 2002. Still, they 

mainly focused on the light-off temperatures like most other work 

on metal oxide-based methane oxidation catalysts (MOCs).[11] 
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Figure 2. Working principle and deactivation of a typical Pd/Al2O3 catalyst for complete methane oxidation.

Several prominent researchers have pointed out the lack of 

real progress in the field,[26,27] and it is clear that methane 

oxidation catalysts still suffer from the same challenges with 

deactivation as 30 years ago.[22] Zeolites offer several significant 

advantages over alumina for methane oxidation to prevent 

hydrothermal deactivation,[28,29] and Jackson et al.[1] even 

suggested that zeolite-based methane oxidation catalysts may 

even find applications as a means of atmospheric restoration.  

Recently, another possibly game-changing development 

has occurred. Several researchers have suggested moving the 

catalyst upstream and installing it before the turbocharger.[30,31] 

This increases the reactor temperature by roughly 150 °C and the 

pressure by 2-3 bar. The higher temperature not only reduces the 

need for low-temperature activity but may also reduce the 

chemical deactivation caused by water, which is particularly 

severe below 450°C. This transition could favor zeolite-based 

technologies because of their unique ability to encapsulate metal 

nanoparticles as a means to prevent thermal-induced 

sintering.[32–34] 

With the increasing attention from industry,[35] and 

regulators,[5] and the development to focus more on the stability 

than the light-off temperatures, the recent advances in complete 

methane oxidation indicate that a breakthrough in the field is not 

only imminent, it is happening right now. This review focuses on 

zeolite-based catalysts for complete methane oxidation in 

stationary emission control and summarizes the most significant 

results published since 2015. We explain why zeolites are 

promising support materials and look ahead to determine where 

further improvements are still required. Finally, we suggest a 

guideline for future research that highlights the importance of 

testing under realistic operation conditions. 

Deactivation of methane oxidation catalysts 

The main challenge that prevents the practical implementation of 

methane oxidation catalysts in large natural gas-fired engines is 

the catalytic deactivation caused by the demanding reaction 

conditions and the exhaust gas composition. Although the exact 

pathways and mechanisms of deactivation are still not fully 

understood, three main challenges contribute to the problem. 

These challenges are illustrated in Figure 2 and described in 

further detail below. 

Deactivation by water 

In general, there are two types of direct steam-induced 

deactivation: 1) A fast and reversible deactivation by molecular 

adsorption causing site blocking and 2) a slower formation of 

more stable hydroxyl groups on the catalyst surface.[18,36,37] The 

hydroxyl groups can form on both the active metal and on the 

surface of the support material, in the latter case preventing 

oxygen uptake and hindering efficient methane oxidation by the 

Mars-van Krevelen mechanism.[24,28,38] Li et al.[10] recently 

published a comprehensive study of the hydroxyl formation 

phenomenon in which they used ambient pressure X-ray 

photoelectron spectroscopy (APXPS). These studies showed 

how water causes two simultaneous effects on the palladium 

surface: 1) The formation of palladium hydroxyls block the 

coordinatively unsaturated sites for methane adsorption and 

adjacent oxidic sites for methane activation, and 2) the hydroxyls 

prevent oxygen vacancies being filled by bulk migration. The fast 

type of steam-induced deactivation is a simple adsorption 

phenomenon in the vicinity of active sites that reversibly raises 

the T50 by around 40-150 °C depending on the water 

concentration.[27,39,40] More than two decades ago, van Giezen et 

al. studied the kinetics of water inhibition on alumina-supported 

Pd catalysts.[41] The authors determined the reaction order of 

water to be negative, with a value of around -0.8 over the relevant 

temperature range. Methane was found to have a reaction order 

of 0.9-1, and oxygen was found to have a reaction order close to 

zero. More recent studies using zeolite supports reported similar 

values.[27,42,43] The kinetics of complete methane oxidation has 

received much attention in the literature[11,24,44–46] but is outside 

the scope of this review and will not be discussed in further details 

here. 

In 2017, Sadokhina et al.[36] described a complete water 

deactivation model by coupling adsorption with hydroxyl formation. 

Generally, the two types of direct water deactivation are more 

problematic below 450oC. Hydrothermal sintering becomes a 

severe threat to catalyst stability at higher temperatures.[28,47] 

Huang et al.[48] highlighted the consequences of not accounting 
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for transient water effects in light-off experiments. Essentially, the 

authors showed that running some types of catalytic experiments 

without the addition of water will result in artificially high activity 

since the reactor diluent may adsorb the water produced by the 

reaction. For a short duration, the diluent will therefore maintain 

an almost water-free environment around the active sites. Later, 

the same authors expanded on this work by suggesting the 

addition of more diluent to maintain highly active and water-free 

active states for a longer time.[49] The authors also noted that such 

an approach would rely heavily on regeneration cycles to remove 

adsorbed water from the diluent. In a lean-burn natural gas-fired 

engine, about 10-12% of the exhaust gas is water vapor from the 

combustion of methane. However, it is not uncommon to see work 

published where less than 5% of the feed stream is water,[27] 

probably due to instrumentational limitations. Importantly, Zhang 

et al.[39] investigated the effect of water concentrations between 0 

and 15% and showed that water deactivation still intensifies 

beyond 5% water in the feed. Recently, Wang et al.[50] showed the 

significant difference in catalyst deactivation caused by 4.5% and 

10% water. Considering the possible effect of steam on zeolites, 

Hosseiniamoli et al.[14] pointed out that water can damage acidic 

zeolites through dealumination at high temperatures.[51–54]. Most 

recent work with zeolites for methane oxidation applies either very 

high Si/Al values or ion-exchange of protons with Na+, where 

dealumination is less prone to occur. The detailed scientific 

literature on this steam-assisted dealumination seems to lack, 

and more thorough studies on the structural integrity of zeolite 

supports during long-term operation under realistic operation 

conditions would therefore be highly relevant for the field of 

complete methane oxidation. 

Deactivation by sintering 

Like other metal catalysts, supported palladium are also prone to 

sintering, a thermal deactivation caused by irreversible Ostwald 

ripening or particle migration.[55] In general, it is sometimes 

possible to improve the thermal stability by tuning the catalyst 

composition and metal-support interaction or supporting the 

active nanoparticles in ordered mesoporous or core-shell 

materials. A more recent strategy is to encapsulate the active 

metal nanoparticles inside the framework of a microporous 

zeolite.[56] As previously mentioned, hydrothermal sintering 

becomes relevant at the temperature where the typical issues with 

hydroxyl formation decrease.[47] However, it may be difficult to 

distinguish the effects of the two types of deactivation at 

intermediate temperatures from activity measurements alone. In 

this case, transmission electron microscopy (TEM) may be used 

to resolve the cause of deactivation.[15,18] The presence of steam 

increases the mobility of PdO, which significantly accelerates the 

sintering of Pd-containing particles.[14,27,28] Concerning the Si/Al of 

the zeolite, there are some discrepancies in the literature. Some 

researchers suggest that the acidic sites related to Al in the zeolite 

accelerate sintering,[27,29,37] whereas others suggest they prevent 

sintering.[13,14,57–59] The arguments for accelerated sintering 

generally refer to the increased mobility of palladium oxide on 

zeolites with a low Si/Al value (i.e. a zeolite with a high Al content), 

while the arguments for increased stability refer to stronger metal-

support interactions. We will discuss this topic in more detail later 

in the review. 

Deactivation by SO2 poisoning 

Natural gas contains a small amount of sulfur-containing 

compounds, such as H2S. During combustion, the sulfur 

compounds oxidize to SO2, a well-known poison to many noble 

metal catalysts. In general, natural gas contains significantly less 

sulfur than e.g. fuel oil.[5] However, the lubricants used for large 

engines also contain sulfur, which eventually ends up as SO2 in 

the exhaust. Realistic values for SO2 concentrations are on the 

order of 1 ppm. Alternatively, it is possible to decrease this value 

by installing various sorbent materials in a guard bed before the 

MOC reactor. While such efforts may significantly reduce the SO2 

concentration, they cannot remove all contaminants. 

The deactivation of methane oxidation catalysts by SO2 is 

still not fully understood, but recently several authors have started 

to address this issue in more detail. Essentially, the active metal 

oxidizes SO2 to SO3, which quickly forms sulfates on the surface 

of the catalysts. The formation of sulfates may block the active 

site but also have consequences related to the support material. 

On sulfate-forming materials, such as Al2O3, the formation of 

aluminum sulfates may delay the deactivation of the active metal. 

Unfortunately, these sulfates may spill over from the support and 

slow down regeneration efforts.[60] For comparison, non-sulfate 

forming supports, such as SiO2, typically deactivate faster but 

regenerate more efficiently. 

To achieve the lowest possible light-off temperature, many 

research groups have tested their catalysts under dry and SO2-

free conditions. Realistically, however, deactivation by SO2 

remains one of the most significant challenges preventing the 

practical implementation of MOC systems. Several studies have 

tested the catalytic activity at relatively high SO2 concentrations 

to shorten experiments. For investigation of deactivation, however, 

Auvinen et al.[19] argued that this may not be a representative 

approach since sulfates formed at higher SO2 concentrations are 

less stable than those formed at low concentrations. Furthermore, 

Zhang et al.[33] showed that high concentrations of SO2 do not 

necessarily result in faster or more severe deactivation. 

The thermal stability of the relevant sulfates plays an 

essential role, and as with water deactivation, SO2 poisoning is 

strongly temperature-dependent.[33] Zhang et al. recently 

described the deactivation as a fully reversible surface coverage 

phenomenon where, as soon as the coverage equilibrium has 

settled, the activity stabilizes at a lower level.[32] For palladium-

based catalysts, this level of stabilization happens at such a low 

activity that it essentially means complete deactivation. Zhang et 

al.[32] investigated a rhodium-based catalyst with a notable 

tolerance for SO2 and some remaining activity upon stabilization. 

The authors argued that the degree of deactivation at equilibrium 

coverage likely depends on the decomposition temperature of the 

specific sulfates involved. RhSO4 decomposes at a lower 

temperature than PdSO4 and therefore remains active in a 

broader operation range with SO2 present.[32,61] 

Suvanto et al.[62] recently showed that the deactivation 

caused by SO2 poisoning and water are interconnected, 

emphasizing the importance of having both species present 

during catalytic testing. The authors used density-functional 

theory (DFT) calculations to show that the PdSO4(111) surface 

strongly adsorbs water. Since this surface contains the 

unsaturated and catalytically active Pd sites, this water causes 

blocking and deactivation. The calculated energy barrier for 

methane oxidation on the sulfated surface was comparable to the 
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clean Pd surface with no water present. With water present, 

however, the calculated energy barrier increased dramatically. 

Zhang et al. draw the same conclusions from experiments 

with a set of Pd and Rh-based catalysts.[33] Figure 3 shows the 

results of a light-off experiment in which a Rh/ZSM-5 catalyst 

achieves a conversion of 50% at a temperature that is 50 °C less 

than Pd/ZSM-5 when both water and SO2 is present, which may 

be explained by the lower decomposition temperature of RhSO4 

compared to PdSO4. Figure 5 shows the DFT model of water 

adsorbed on the unsaturated Pd atom of a clean PdSO4 surface 

proposed by Suvanto et al.[62] 

 

 

Figure 3. Top and bottom: Light-off experiments that show the effect of water 

and SO2 on the catalytic activity of Pd and Rh supported on ZSM-5. Conditions: 

2500 ppm CH4, 10% O2, 5% H2O (if present), 20 ppm SO2 (if present), balanced 

with N2. GHSV = 150,000 ml/gcat·h-1. Reprinted with permission from Zhang et 

al.[32] Copyright 2020, American Chemical Society.  

 

Figure 4. DFT model of a sulfated Pd surface with adsorbed water. The oxygens 

in H2O and hydroxyl groups are dark red, while lattice oxygens are bright red. 

Palladium atoms are blue, and sulfur atoms are yellow. Reprinted with 

permission from Auvinen et al.[62] Copyright 2019, American Chemical Society. 

Based on these results, it appears that the design of 

catalysts that form unstable sulfates or have hydrophobic 

environments that keep excess water from the active sites may 

be a reasonable strategy to achieve a high catalytic activity and 

stability.  

Other types of MOC deactivation 

In addition to the three main deactivation modes, Hosseiniamoli 

et al.[14] investigated spend catalysts by energy-dispersive X-ray 

spectroscopy (TEM-EDS) analysis and reported that some 

methane oxidation catalysts could suffer from the deposition of 

carbonaceous species. Although the combustion reaction occurs 

under strongly oxidizing conditions, the authors observed the 

presence of carbonaceous species on both Pd/ZSM-5 

(Si/Al=140)[14] and Pd/silicalite-1 (no Al).[15] To the best of our 

knowledge, these are the only reports on this phenomenon, 

although several groups have studied similar Pd/ZSM-5[9,13,63] and 

Pd@silicalite-1 catalysts.[39,50,64,65] 

Friberg et al.[18] investigated the resilience of zeolite-based 

catalysts towards NO and showed a small advantage compared 

to alumina supports. Very recently, Suvanto et al.[66] also 

investigated the interaction between SO2 and NOx (x = 1 or 2). 

Although a detailed discussion of the effect of NOx on methane 

oxidation catalysts is outside the scope of this review, we note 

that the feed composition of exhaust gas is complex and that 

many of the components have interconnected effects on the 

activity and stability of the catalyst. These effects emphasize the 

importance of testing under as realistic conditions as possible. 

Methane oxidation with zeolite supported 
catalysts 

The choice of support material is important for methane oxidation 

catalysts. Compared to conventional high-surface-area metal 

oxides, such as Al2O3, microporous zeolites offer several 

advantages, including simple loading through ion-exchange,[27] 

hydrophobic properties,[18,39,50] encapsulation of the active 

nanoparticles.[27,39,50,65,67,68] and high control of the structure and 

composition. For instance, Petrov et al. recently showed that 

complete removal of the acidic sites by post-exchange with Na 
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and confinement of the Pd nanoparticles within the zeolite 

resulted in a highly active and stable catalyst that resisted steam-

induced sintering and zeolite degradation. Furthermore, the 

authors used operando X-ray absorption spectroscopy to 

investigate the catalyst's beneficial redox properties, 

characterized by a rapid Pd reduction and slow reoxidation. 

However, the non-reducible nature of zeolites may also entail 

some limitations. Pd is typically reduced more easily on zeolites 

than on Al2O3
[27,69] but has a lower initial activity under both dry 

and wet conditions.[18,28] Despite some challenges with steaming 

and dealumination, recent work indicates that zeolite-based 

catalysts can also handle more water than Pd/Al2O3.[58] 

 Zeolite encapsulated metal nanoparticles have recently 

attracted increasing attention for several processes, ranging from 

environmental remediation to renewable energy and biomass 

conversion.[56,70,71] For many of the same reasons, zeolite 

encapsulated nanoparticles also hold great promise for complete 

methane oxidation.[28] For instance, encapsulation typically 

results in a high dispersion of small and uniform metal 

nanoparticles. The inherent microporous framework allows the 

reacting gasses to diffuse to and from the active sites while 

keeping the encapsulated nanoparticles from sintering. Therefore, 

zeolite encapsulated nanoparticles are often stable at high 

temperatures.  

Material synthesis 

The successful synthesis of zeolite encapsulated metal 

nanoparticles requires an efficient encapsulation strategy. 

Conventional preparation procedures, such as impregnation 

followed by calcination, typically cause the nanoparticles to end 

up on the external surface.[14,32,57,72,73] For example, Fan et al.[57] 

produced a Pd/ZSM-5 catalyst with active nanoparticles 

dispersed on the external zeolite by adding H-ZSM-5 (Si/Al=36) 

into a solution of polyvinyl alcohol, H2PdCl4, and NaBH4. After 

washing, drying, and calcination, the final material experienced 

significant sintering even under dry reaction conditions. Friberg et 

al.[18,47] investigated the effect of Si/Al and prepared a series of 

catalysts by impregnation and calcination in air. Then, the authors 

used a degreening and pre-treatment procedure involving 

reduction under H2, high-temperature steaming, and reoxidation 

in air to redisperse the Pd. Although some particles appeared to 

enter the micropores, a significant amount of the metal, especially 

the large particles, remained on the external surface. Ryou et 

al.[74–76] used a similar hydrothermal treatment to disperse Pd 

nanoparticles in zeolite-based passive NOx absorbers (PNAs).[74–

76] These methods exploit the high mobility of PdO on acidic 

zeolites under hydrothermal conditions. As previously mentioned, 

however, the same mobility may also cause steam-induced 

sintering during the reaction. 

Ion-exchange is another method to prepare zeolite-

supported methane oxidation catalysts.[9,27,29,32,33,58] Typically, the 

zeolites are ion-exchanged with Pd2+, dried, and then calcined at 

high temperatures to form well-dispersed nanoparticles of PdO. 

Although ion-exchanged Pd sites possess some activity, several 

studies showed that nanoparticles are more active for complete 

methane oxidation.[18,37,73] As long as the solvated metal precursor 

is small enough to enter the microporous framework, ion-

exchange is a simple and effective method to achieve well-

dispersed inside the zeolite. After calcination, the metal 

nanoparticles are typically a little larger than the micropores. This 

size difference indicates that the zeolite has to form local defects 

to accommodate the metal nanoparticles.[50,77–79] Lim et al.[58] 

performed a thorough study of the effect of different framework 

types, Si/Al, and Pd loadings. Based on these studies, the authors 

suggested that the ion-exchange may reduce the total pore 

volume by partially blocking the micropores. Furthermore, their 

TEM analysis showed that the ion-exchange did not result in a 

complete encapsulation since Pd nanoparticles appeared both 

within and on the external surface of the zeolite supports. 

Consequently, the catalysts also suffered from deactivation by 

sintering. Recently, Petrov et al.[29] ion-exchanged a mesoporous 

zeolite prepared by a mild desilication procedure. After calcination, 

the authors closed the mesopores in an additional crystallization 

step. This synthesis resulted in complete encapsulation that 

effectively prevented steam-induced sintering. To distinguish 

between supported and encapsulated metal nanoparticles, we will 

use the standard notation M/support if the metal is dispersed on 

the external surface and M@support if the metal is confined inside 

the support.  

 

Figure 5. Schematic illustration of the synthesis of Pd@S-1 using ethylenediamine. Reprinted with permission from Wang et al.[80] Copyright 2016, American 

Chemical Society.
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In 2016, Wang et al.[80] reported another simple and 

effective method to encapsulate Pd metal nanoparticles inside an 

MFI zeolite. In this method, ethylenediamine is used as a ligand 

to form a stable Pd complex that prevents the metal from 

premature precipitation in the alkaline zeolite gel. Furthermore, 

the ethylenediamine complex interacts with the negatively 

charged silica species that traps the metal precursor during 

hydrothermal crystallization. Upon calcination, the complex 

decomposes to form highly dispersed metal oxide clusters inside 

the zeolite. Several research groups have adopted this synthesis 

procedure and showed that the encapsulated Pd nanoparticles 

are highly active for the complete oxidation of methane.[16,39,50,65]  

Figure 5 shows a schematic illustration of the so-called in situ 

synthesis using ethylenediamine. The figure also shows how 

Wang et al. reduced their catalyst under H2 in their original work. 

We note that this step may be skipped since PdO is the active 

phase for methane oxidation.  

Interestingly, this Pd@zeolite catalyst has good stability 

against steam and high temperatures.[39,50] Furthermore, Zhang et 

al. suggested that the tight confinement also improves the stability 

towards SO2.[39] Niu et al.[16] showed that the ethylenediamine 

synthesis resulted in significantly higher activity and stability than 

the corresponding catalysts prepared by impregnation under dry 

and sulfur-free conditions. Since this work dealt with the oxidation 

of 1% ventilation air methane, the author did not investigate the 

effect of adding more water to the feed. 

Losch et al. dispersed preformed colloidal Pd nanoparticles 

on various mesoporous zeolites prepared by selective 

desilication.[28,81,82] In this way, the authors achieved a high control 

over the particle size, which made their catalysts directly 

comparable and allowed them to investigate the catalytic effects 

of Si/Al and the hydrophobic properties. 

Zeolite type 

So far, the zeolite topology does not seem to play the most 

important role in determining the catalytic activity of zeolite-based 

methane oxidation catalysts. Instead, other properties such as the 

Si/Al ratio, the nanoparticle distribution, the choice of counter-ions, 

and promoters are more critical. Although researchers have 

supported Pd nanoparticles on many different zeolite topologies, 

the most common ones are MOR, MFI (ZSM-5), FAU, BEA, and 

CHA (SSZ-13), respectively. 

For example, Lim et al.[58] tested four Pd-exchanged small-

pore zeolites and compared their catalytic activity to Pd/ZSM-5 

and Pd-Al2O3. Despite some differences in the Si/Al ratios, Pd 

loadings, and particles size distributions, the study showed that 

the Pd-SSZ-13 catalyst resulted in the highest activity and stability 

under wet conditions (10% water). To explain these results, the 

authors suggested that the higher acidity of SSZ-13 compared to 

the other zeolites caused a stronger interaction with PdO, which 

suppressed both sintering and dealumination during the reaction.  

Recently, Zhang et al.[33,37] impregnated Rh on different 

ZSM-5 zeolites (Si/Al=15-140) and compared their catalytic 

activity to Rh/SSZ-13 (Si/Al=12), Rh/SiO2, and Rh/Al2O3 in the 

presence and absence of 5% water and 20 ppm SO2. The results 

showed that that Rh supported on Si-rich zeolites showed good 

stability during long-term experiments. However, since the study 

focused on the catalytic effects of the Si/Al ratio, the authors did 

not further investigate the differences between the SSZ-13 and 

ZSM-5. 

Petrov et al.[29] studied the effects of various acid and base 

treatments on MFI, MOR, and BEA before introducing Pd by ion-

exchange. The authors were able to modify the catalytic 

properties of the materials by removing extra-framework 

aluminum, changing the pore structure, and stabilizing the 

palladium nanoparticles to prevent hydrothermal sintering. In 

general, they concluded that it was possible to change the 

properties of the different zeolites by the same structural 

manipulations. However, as expected, some pre-treatments 

required specific adjustments since each zeolite exhibits different 

susceptibility to acid and base treatments. The optimal 

modification of both ZSM-5, MOR, and BEA samples with Si/Al 

ratios around 10-15 consisted of 1) a mild desilication in 

NaOH+TPABr, 2) a selective dealumination in HNO3/oxalic acid, 

3) Pd loading by ion-exchange and calcination, and 4) a final 

titration of residual acid sites with sodium bicarbonate to obtain a 

fully Na-exchanged material. We will later discuss this particular 

choice of counter-ion in more detail.  

High-silica zeolites with the MFI framework have recently 

received much attention,[15,16,39,50,65,80] which may be explained by 

the issues with water and increasing interest in hydrophobic 

properties.[18,27–29] For example, silicalite-1 (S-1) is an MFI zeolite 

that contains no Al and, therefore, has no acidic sites but high 

hydrophobicity and hydrothermal stability. Several studies have 

shown that Pd@S-1 is significantly more active than Pd/SiO2.[28,37] 

Hosseiniamoli et al.[15] also investigated titanium silicalite-1 (TS-

1) as catalyst support but added Pd by incipient wetness 

impregnation with Pd2+ in an aqueous solution. Although S-1 and 

TS-1 have similar hydrophobic properties, the authors showed 

that Pd/TS-1 showed less sintering after a 100 h tests with 3-4% 

water. 

In their recent studies of the importance of hydrophobic 

properties, Losch et al.[28] studied the effect of the zeolite topology. 

By supporting preformed colloidal Pd particles on mesoporous 

zeolites with identical Si/Al ratios, they compared MOR, ZSM-5, 

beta, and USY type zeolites to the typical alumina-based catalysts 

that serve as a benchmark in many studies. In general, the results 

showed that the catalysts made from large-pore zeolites (BEA 

and FAU with pores of 0.7-0.8 and 0.8-1.2 nm, respectively) 

typically performed better than those made from medium-pore 

zeolites (MFI and MOR with pores of <0.6 and 0.5-0.7 nm, 

respectively). Therefore, the authors proposed that the medium-

pore zeolite retains the produced water more strongly through 

increased polar interaction and dispersion forces. Friberg et al.[83] 

and Cui et al.[73] also investigated the difference in activity 

between medium- and large-pore zeolites for methane oxidation. 

Interestingly, both groups concluded that small pore zeolites were 

preferable. However, it is important to mention that these studies 

focused on hydrothermal sintering, while the previous research 

focused on the direct deactivation by water adsorption. In general, 

all three groups seem to agree that Si/Al of the zeolite is more 

important than the zeolite type. 

Si/Al ratio 

In the literature, the effect of the amount of aluminum on the 

catalytic activity have recently attracted much interest. The value 

is either given as Si/Al (silicon to aluminum ratio) or SiO2/Al2O3 

(silica to alumina ratio).[18] In zeolites, substituting the tetravalent 

silicon with trivalent aluminum results in a negative charge 

compensated by a cation or a proton, which gives the zeolite 
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acidic and hydrophilic properties. These properties significantly 

impact the catalyst’s activity for methane oxidation because of the 

high amounts of water present in the exhaust from large natural 

gas engines. 

 Several studies have shown that hydrophobic zeolites with 

high Si/Al suffer less from deactivation by water [18,27,28,84]. 

Additionally, the high Si/Al zeolites typically undergo the fast and 

reversible kind of water deactivation that results from molecular 

adsorption instead of forming more stable hydroxyl groups.[18,37] 

Although several groups have focused on highly silicious zeolites 

with Si/Al >300, recent results suggest that the optimal Si/Al value 

is, perhaps surprisingly, around 40.[18,28,37] To explain the need for 

some acidity, Osman et al.[85] proposed that a small number of 

protons could assist Pd reoxidation, which is essential to sustain 

a high catalytic activity. Losch et al.[28] used operando diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) to 

study their catalyst’s activation energies as a function of the 

zeolite’s hydrophilicity. Based on these studies, the authors 

proposed an alternative explanation, where the acidic sites are 

needed to remove the water produced by the methane oxidation 

reaction. Figure 6 and Figure 7 show how the rapid 

adsorption/desorption process in the acidic micropores may 

assist the removal of water from the active PdO sites. 

  
Figure 6. Results from light-off experiments showing the T50 as function of the 

aluminium content using a range of different Pd/zeolite catalysts. Conditions: 

0.5% CH4, 4% O2, and 4.2% H2O, balanced with Ar, and GHSV = 69,000 

mL/(gcat·h). Reprinted with permission from Losch et al.[28] Copyright 2019, 

American Chemical Society. 

 

Figure 7. Illustration of the molecular transport of water via 

adsorption/desorption processes on the internal surface of an acidic 

mesoporous zeolite. Reprinted with permission from Losch et al.[28] Copyright 

2019, American Chemical Society. 

As highlighted in the previous sections, zeolites may 

prevent some challenges with water-induced deactivation and 

nanoparticle sintering. However, concerning the issues with SO2 

poisoning, it may be more important to optimize the composition 

of the active metal nanoparticles than the zeolite support. In some 

cases, such as Al2O3-based catalysts, the support can act as a 

sulfur sink that temporarily protects the active sites. However, for 

commercial applications that favor continuous operation without 

periodic regenerations, it may be needed to lower the 

decomposition temperature of the sulfates. Unfortunately, this 

point has received relatively little attention in recent studies.  

 Zhang et al.[37] investigated the influence of the support and 

rhodium speciation on total methane oxidation in the presence of 

water and SO2. Water significantly inhibited all catalysts, 

particularly those supported on amorphous SiO2 and Al-rich 

zeolites. Furthermore, the authors related a high Si/Al ratio with 

good sulfur tolerance, indicating that the sulfur primarily binds to 

the Al sites. 

As previously mentioned, steaming is a widespread method to 

disperse metal nanoparticles on zeolite-supported 

catalysts.[18,47,63,74–76,86] Interestingly, this method exploits the 

same steam-induced mobility of PdO species that causes 

sintering under reaction conditions. The method is generally more 

effective for low Si/Al zeolites.[18] However, the high acidity of 

these materials also results in increased sintering since the 

mobility of PdO is higher on hydrophilic surfaces.[27] This 

contradiction results in a challenging balancing act between 

nanoparticle dispersion and long-term stability. 

Multiple authors have discussed how Si/Al determines both 

the ion-exchange capacity of the zeolite and its tendency to form 

metal nanoparticles.[18,37] Petrov et al.[27] showed that the Si/Al can 

determine the particle size distribution because the acidity 

controls the PdO mobility and dispersion. The authors also point 

out that a low Si/Al value results in a high metal dispersion (high 
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ion-exchange capacity and high PdO mobility). In contrast, a high 

Si/Al value typically results in high stability (high hydrophobicity 

and low PdO mobility). In general, a high Si/Al appears to reduce 

sintering and water deactivation. However, it also requires more 

complex synthesis procedures to disperse the active metal, 

including various pre- and post-treatments. 

Counter ions and role of acidic sites 

Petrov et al.[27,29] ion-exchanged Pd into commercial 

dealuminated MOR and then calcined the material at 500 °C. After 

the calcination, the authors then ion-exchanged the protons with 

sodium ions to remove all remaining acidity. Compared to other 

methods, this approach is relatively simple and well-suited for 

large-scale production. The Na-exchanged sites improved the 

stability of the support and effectively prevented steam-induced 

sintering by confining the Pd nanoparticles within the zeolite.[27,37] 

Furthermore, they pointed out that reducing zeolite acidity by ion-

exchange over e.g. dealumination, may prevent the formation of 

unwanted extra-framework aluminum.  

Several studies have shown that it is challenging to achieve 

a high dispersion of Pd within high silica zeolites due to their high 

hydrophobicity and small ion-exchange capacity. Recently, Lei et 

al.[72] highlighted the advantage of having some acidity present 

when loading Pd. The authors impregnated an aqueous palladium 

solution onto Na-form ZSM-5 followed by drying and calcination. 

TEM analysis showed that the Pd ended up on the external 

surface of the Na-ZSM-5 as rather large particles. The particle 

size distributions of the three Na-form samples with Si/Al = 20, 40, 

80 did not follow a clear trend. Repeating the syntheses with H-

ZSM-5 confirmed that low Si/Al ratios resulted in higher 

dispersions. The authors tested the activity over 50 hours and 

showed that the catalysts achieved up to 90% conversion at 450 
oC of 1% methane in air (neither water nor SO2 was present in the 

tested feed). 

In general, the literature describes some significant 

discrepancies regarding the stabilizing effects of the Si/Al value.  

Over the last decade, a series of publications[13,14,57–59] have 

suggested that the presence of acidic sites might prevent sintering 

by anchoring the PdO particles. We note that these suggestions 

all have references to the same three publications.[42,87,88] Several 

of these publications also hypothesized that the acid sites could 

assist in cleaving the first and most difficult C-H bond in methane, 

initiating the reaction through protonolysis.[13,57,59] Later, some of 

the authors seemed to have abandoned this hypothesis. For 

example, Wang et al. suggested an anchoring and activating 

effect in 2016, [13] but already in 2018,[63] the same authors 

showed that the Si/Al value had a significant impact on the metal 

dispersion, but only a negligible effect on methane activation. 

Similarly, Stockenhuber et al. suggested an anchoring effect in 

2018.[14] In 2020, the same authors related high catalytic stability 

to low acidity. Therefore, the most recent results support the 

commonly accepted hypothesis that a high acidity is increasing 

the mobility of PdO, as presented in this review.[15] 

In 2017, van Bokhoven and co-workers showed why the 

acidity of the zeolite is a critical parameter for methane 

oxidation.[9] The authors loaded palladium by ion-exchange on H-

ZSM-5 but did not exchange the remaining protons with sodium. 

Therefore, they obtained a material that contained small and well-

dispersed nanoparticles inside the zeolite framework but with 

significant Brønsted acidity. The nanoparticles sintered from 

around 1-2 nm to 5-10 nm under so-called dry conditions with 1% 

CH4 in the feed. However, under wet conditions with 5% added 

H2O, the sintering accelerated significantly, resulting in up to 100 

nm nanoparticles. Figure 8 shows one of van Bokhovens 

experiments that demonstrate how the deactivation occurs at 

different timescales. The red ellipse shows the fast deactivation 

caused by water inhibition, and the green ellipse shows the slow 

deactivation caused by a combination of nanoparticle sintering 

and hydroxyl formation. Although the XRD patterns of the fresh 

and spent catalysts looked identical, changes in the solid-state 
27Al-NMR and physisorption analysis did indicate some gradual 

degradation of the zeolite framework. 

 

Figure 8. A deactivation experiment where water is periodically added to the 

feed gas. Colored markings are added to the original figure. Red: Fast 

deactivation by water adsorption. Green: Slow deactivation by a combination of 

hydroxyl build-up and hydrothermal sintering. Conditions: 450 °C, 1% CH4, 4% 

O2, 0 or 5% H2O, balanced with N2. Adapted with permission from Petrov et al.[9] 

Copyright 2016, Springer Nature. 

In general, zeolite acidity may help disperse the active metal 

during synthesis but also enhance hydrothermal sintering under 

realistic operating conditions. On the one hand, high dispersions 

are critical for achieving low-temperature activity and reducing 

costs. On the other hand, it may be worthwhile to value stability 

over low-temperature activity, especially if the final catalyst is 

installed before the turbocharger where the reaction temperature 

is relatively high. 

Additives 

It is well-known that additives and promoters significantly affect 

the catalytic activity of Pd/Al2O3 catalysts in complete methane 

oxidation.[11,22] Therefore, several researchers have also 

investigated different additives and promoters in Pd-based zeolite 

systems. 

Xie et al.[89] exchanged the protons with other counter-ions 

than Na, but these modifications did not have much effect. 

However, a mixture of La and Na resulted in higher catalytic 

activity than pure Na-exchanged Pd/ZSM-5. To explain these 

results, the authors suggested that La had a size-reducing effect 

on the Pd nanoparticles. 
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Zhang et al.[39] used the in-situ ethylenediamine approach to 

synthesize a series of Pd-Ni@ZSM-5 materials with varying ratios 

between the two metals. The authors found that the addition of Ni 

improved the activity and stability but accelerated the deactivation 

caused by water and SO2. 

Most additives for methane oxidation catalysts facilitate the 

reoxidation of the catalyst to provide lattice O2-, which is the active 

species in a Mars-van Krevelen mechanism. For this reason, 

redox-active metal oxides such as CeO2 and ZrO2 have found 

extensive use to partially or fully substitute conventional support 

materials such as SiO2 or Al2O3. Furthermore, redox-active metal 

oxides result in strong metal-support interactions with PdO, 

increasing thermal stability.[16,90,91] With few exceptions, 

investigating such composite metal oxide-zeolite composites is 

still a relatively new field in the area of complete methane 

oxidation. Niu et al.[16] recently synthesized Pd@S-1 and then 

covered the exterior surface of the zeolite with 13 wt% ceria 

through wet impregnation and calcination. The material exhibited 

slightly lower initial activity but improved stability under dry 

conditions. The authors related the increased stability to the SMSI 

between Pd and CeO2. However, based on the expected 

separation between the Pd nanoparticles encapsulated inside the 

zeolite and the CeO2 supported outside the zeolite, the degree of 

direct contact is still unclear 

Osman et al.[85] reported another example of zeolite-based 

catalysts modified by metal oxides. In this work, the authors 

synthesized a series of Pt-Pd/TiO2/ZSM-5 catalysts by a 

sonication-assisted impregnation adding the dissolved Pt- and 

Pd-precursors into a slurry of anatase and ZSM-5. The Pt and Pd 

loadings were 2 and 5 wt%, respectively, and the TiO2 content 

was 17-25 wt%. The addition of TiO2 had a remarkable effect on 

the low-temperature activity under dry conditions. The authors 

attributed this to the oxygen storage and transport abilities of TiO2 

and its interaction with the precious metals. The authors did not 

discuss the specific role of the zeolite in further detail. 

Several studies have investigated the effects of combining 

Pd and Pt in Al2O3-supported methane oxidation 

catalysts.[11,21,61,92–95] In general, the introduction of Pt decreases 

the catalytic activity by stabilizing Pd0,[96] but increases the 

stability towards SO2. Osman et al.[85] and Nguyen et al.[97] also 

investigated some bimetallic zeolite-based PdPt catalysts but did 

not investigate their stability in the presence of SO2. 

Influence of active metal loading and particle size 

For zeolite-supported methane oxidation catalysts, metal 

nanoparticles are significantly more active than single-metal 

sites.[18,37,73,84,98] Friberg et al. explained this by the more facile 

reduction and reoxidation of metallic nanoparticles over ion-

exchanged single metal sites.[18] For methane oxidation, Pd-

based catalysts follow a Mars-van Krevelen mechanism, in which 

the active phase is PdO.[24,28,99] Therefore, Goodman et al.[100] also 

confirmed that oxidative pretreatments are better than reductive 

for methane oxidation catalysts. Although the pretreatment of 

methane oxidation catalyst continues to attract much attention,[57] 

this topic, which mainly deals with the Pd/PdO distribution, is 

outside the scope of this review. The interested reader is refered 

to the recent review by Ciuparu et al.[101] 

 

Figure 9. Results from light-off experiments showing the T50 as function of the 

metal loading for six mesoporous zeolite catalysts supporting 3.2 nm Pd 

nanoparticles. Conditions: 0.5% CH4, 4% O2, and 4.2% H2O, balanced with Ar, 

and GHSV = 69,000 ml/(gcat·h). Bed was diluted with alumina (20 mg/180 mg) 

and heating rate was 10oC/min. Reprinted with permission from Losch et al.[28] 

Copyright 2019, American Chemical Society. 

The metal loading varies greatly for zeolite-supported Pd-based 

methane oxidation catalysts. Niu et al.[16] synthesized a Pd@S-1 

material with only 0.123 wt% palladium, while Doyle et al.[102] 

synthesized a Pd/Na-FAU with 6.21 wt% palladium. Losch et al.[28] 

noted that loadings between 0.1 and 4 wt% were commonly used 

in literature and performed a thorough study of the effect of the 

Pd loading. Figure 9 shows T50 as function of the metal loading 

(0.05, 0.1, 0.25, 0.5, 1, and 2 wt%) for six mesoporous zeolite 

catalysts supporting 3.2 nm Pd nanoparticles. The authors found 

that 0.5 wt% Pd was optimal and explained how higher loadings 

might cause pore blocking and mass transfer limitations. Wang et 

al.[50] studied the metal loading of Pd  nanoparticles encapsulated 

in silicalite-1 (MFI), and observed a volcano-shaped relation with 

an optimum activity at 0.6 wt%, in good agreement with the 

previous study. In general, a high metal loading results in larger 

nanoparticles, although the synthesis method is the most decisive 

factor. Typically, ion-exchange followed by calcination yields 

nanoparticles with a size of 1-1.5 nm,[9,27] in-situ encapsulation 

using ethylenediamine[80] gives nanoparticles with a size of 1-3 

nm,[16,39,50,80] and impregnation results in relatively large 

nanoparticles with a size range of 3-40 nm.[14,16,17] Hydrothermal 

treatments are sometimes used to reduce the particle size after 

synthesis by impregnation.[18] In general, the two first methods 

result in small and stable nanoparticles situated inside the 

micropores of the zeolite. In contrast, simple impregnation 

typically results in larger nanoparticles supported outside the 

micropores of the zeolite. 

Although small nanoparticles expose a higher fraction of 

unsaturated metal active sites, there are cases where larger 

particles are preferred. Several researchers have determined that 

Pd nanoparticles within a specific size range have optimal activity 

for complete methane oxidation.[50,57,92,103,104] Although this size 

range varies greatly, there seems to be some agreement that the 

optimum size is around 3-7 nm concerning both activity and 

stability. The exact reasons for these effects depend on the 

support material and the metal-support interactions but are still 
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not fully understood. Murata et al.[104] showed how the turn-over 

frequency (TOF) of a series of α-Al2O3 and θ-Al2O3 supported Pd 

catalysts had a volcano-shaped dependence on the Pd particle 

size that achieved the highest activity at around 7 nm. The authors 

related this behavior with the fraction of step-sites combined with 

an effect of different metal-support interactions. The particle size 

can also influence the deactivation of SO2. For example, Wilburn 

et al.[92] found that larger Pd nanoparticles supported on Al2O3 

mainly adsorbed molecular SO2 that easily desorbed at 

intermediate temperatures. In contrast, smaller particles formed 

more stable sulfate species that needed higher temperatures to 

decompose. The work on Pd particle sizes for zeolites-based 

methane oxidation catalysts is more limited. Wang et al.[50] 

synthesized Pd@silicalite-1 with different metal loadings and 

described how the particle size increased at higher loadings. The 

most active catalyst contained 0.6% Pd nanoparticles with a size 

of 2.3 nm. Fan et al.[57] produced a series of Pd/H-ZSM-5 catalysts 

and exposed them to different calcination, reduction, and 

oxidation treatments to change the particle size. The authors 

described how the methane oxidation TOF had a volcano-shaped 

dependency on the Pd particle size that achieved the highest 

activity at around 5 nm. 

Among others, Friberg et al.[18] showed that some degree of 

ion-exchange may occur during the reaction. The authors 

explained that this phenomenon is less pronounced at high Pd 

loadings. Furthermore, the ion-exchange is less significant in Na-

form zeolites compared to H-form.[105] Therefore, it also seems 

likely that zeolite-based catalysts with a low ion-exchange 

capacity (high Si/Al) will form fewer of these less active metal-

exchanged sites. The Si/Al can also influence the active metal 

nanoparticles in other ways. For example, Nguyen et al.[97] 

reported a Pd/Pt catalyst where the fraction of a bimetallic phase 

increased with decreasing acidity (increasing Si/Al). The authors 

showed that the bimetallic phase possessed a surprisingly high 

metallic character and that its fraction correlated linearly with the 

activity. 

Catalytic performance of zeolite-based materials under 

realistic testing conditions 

In principle, Pd-based catalysts have had sufficient low-

temperature activity to convert methane in the exhaust from large 

lean-burn natural gas-fueled engines for more than ten years.[91] 

However, the issues with fast and severe deactivation continue to 

prevent practical applications, which drive the research and 

development to focus more on increasing the stability under 

realistic operation conditions. To this end, zeolites may help 

prevent some of the most significant issues with hydroxyl 

formation and water deactivation.[27–29,82] Still, most catalysts lose 

some activity when exposed to high amounts of steam, which 

increases the T50 by 40-150 °C.[27,39,40]. Even under so-called “dry” 

test conditions, methane oxidation still produces water that affects 

the catalytic activity.[48] These effects are more pronounced in 

studies using high methane concentrations. For example, the 

oxidation of 1-2% methane results in 2-4% steam at full 

conversion.   

It is also important to remember that methane oxidation is a 

highly exothermic reaction and that oxidation of 1% methane-in-

air heat the gas by >300 oC, its so-called adiabatic heating. 

Therefore, too high methane concentrations often cause 

significant heat transfer problems. The problems may result in hot 

spots and too high conversions if the catalysts bed is undiluted or 

the generated heat is not effectively removed.[97] 

Zeolites may also help prevent sintering since they can hold 

the encapsulated nanoparticles in a firm grip inside the 

microporous framework.[27–29,82] This leaves the challenge of 

chemical deactivation by SO2. Zhang et al.[39] suggested that 

encapsulation might reduce SO2 poisoning if the confinement 

inside the zeolite was tight enough to limit the space for PdSO4 

formation. Furthermore, the authors suggested that the small size 

of such sulfate nanoparticles decreases their decomposition 

temperature, effectively reducing the deactivation. 

 

 

Figure 10. Catalytic activity of 2%Rh/ZSM under 2500 ppm CH4, 10% O2, 5% H2O and 0-20 ppm SO2 balanced with N2. GHSV=150,000 ml/(gcat⋅h). Reprinted with 

permission from Zhang et al.[33] Copyright 2020, Elsevier.

In four recent publications,[32,33,37,106] Zhang et al. published 

their work on Rh-based zeolite catalysts for methane oxidation. 

These exhibited a remarkable tolerance towards SO2 poisoning, 

maintaining significant activity after exposure to close-to-realistic 

conditions. Unfortunately, the synthesis of the catalysts relied on 

impregnation, which was insufficient to get the Rh inside the 
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zeolite micropores. Consequently, the catalysts also suffered due 

to some sintering. Although these results show that Rh is an 

interesting alternative to Pd, the high cost of Rh may limit practical 

applications. Figure 10 shows the catalytic activity of Rh/ZSM-5 

in the presence of both water and SO2. 

Only a few studies have supported the zeolite catalyst on 

actual monoliths. For example, Xiao et al.[64] synthesized silicalite-

1 on the surface of a cordierite monolith via steam-assisted 

crystallization. The monolith was then calcined and dip-coated in 

an aqueous solution of Pd(NH3)2Cl2. Although the Pd distribution 

and the zeolite’s actual effect remain unclear, the prepared 

catalyst was active for more than 70 h at 450°C (tested under dry 

model conditions and at 100% conversion). 

Conclusions and future outlook 

In summary, zeolites offer an exciting alternative to conventional 

metal oxides for supporting metal nanoparticles for complete 

methane oxidation. The ideal zeolite is relatively hydrophobic and 

has low acidity, either from a high Si/Al ratio or the exchange of 

remaining H+ with alkali metal counter-ions such as Na+. The 

micropores can have small 8-membered rings (e.g. CHA), 

medium 10-membered rings (e.g. MFI) or large 12-membered 

rings (BEA, FAU, MOR), but the zeolite has to be stable under 

relatively demanding reaction conditions, at high temperatures, 

and in the presence of steam. In addition, the active metal should 

be well-dispersed and preferably encapsulated inside the zeolite 

to prevent sintering by particle migration. For Pd, the ideal particle 

size is around 3-7 nm. 

Some researchers argue that the field of methane oxidation 

has focused too much on achieving the lowest possible light-off 

temperature under ideal conditions.[27] With the recent 

developments in complete methane oxidation, now might be the 

right time to direct more attention towards improving the catalytic 

stability under realistic operation conditions. While zeolites hold 

great promise to limit sintering and water-induced deactivation, 

their potential for preventing SO2 poisoning is still unclear. Based 

on the experience with Al2O3-supported catalysts, it may be 

possible to improve the SO2 tolerance by introducing dopants, 

alloys, or redox-active metal oxides such as CeO2. Although 

zeolites attract increasing interest, it is important to underline that 

Al2O3-supported catalysts still receive much attention.[60,107–111] 

Regardless of the support material, however, it is paramount that 

the testing conditions become more realistic for two reasons: 

1) Long-term stability is more important than low-

temperature activity for controlling the methane 

emissions from large lean-burn natural gas-fired 

engines. Existing catalysts already have sufficient low-

temperature activity but still suffer from deactivation by 

sintering, water, and SO2. While promising results show 

how it is possible to address these issues individually, 

studies investigating the interconnected and enhanced 

deactivation when both SO2 and H2O are present are 

critically needed. Preferably, these studies should also 

account for the increased pressure before the 

turbocharger (typically up to 5 bar). 

2) The direct comparison of results from different research 

groups, companies, and end-users is challenging when 

the testing conditions vary too much. While it might be 

possible to account for differences in e.g. space velocity 

or oxygen concentration, it is almost impossible to 

compare results obtained under wet and dry conditions 

with or without SO2. Therefore, a set of standard 

reaction conditions (see Table 1) would accelerate the 

development of new and more durable catalysts, 

critically needed for controlling methane emissions.  

Several studies have used testing conditions that differ 

significantly from actual applications. For example, many 

researchers use a feed gas composition of 1% CH4, 4% O2, 95% 

Ar, or 1% CH4 in air.[9,102,107,112] More and more studies investigate 

the effect of water, but often 5% or less. Real exhaust from natural 

gas engines usually contains up to 10% water. Few studies 

examine the impact of both H2O and SO2, and even fewer 

consider the effect of pressure. Testing on real engine exhaust 

and laboratory test benches both have their advantages. Still, we 

argue that the field of methane oxidation will benefit from testing 

under a set of standard conditions with more realistic gas 

compositions. 

Although the recent developments in complete methane 

oxidation demonstrate that zeolite-supported metal nanoparticle 

catalysts hold great promise, there are still significant challenges 

to overcome. For example, high-silica zeolites have high 

hydrothermal stability, but their ability to withstand 3 bar of 10% 

steam at 500 °C for thousands of hours is still unknown. In 

addition, Pd nanoparticles suffer from significant deactivation by 

SO2. While regeneration may be an option, such operations 

complicate the reactor design, especially if the catalyst sits before 

the turbocharger. Therefore, modifying the Pd nanoparticles to 

give less stable sulfate species seems like one promising strategy. 

The recent advances in complete methane oxidation show 

that zeolite-supported metal nanoparticle catalysts hold great 

promise for future emission control systems. However, there is 

still room for improvement concerning their long-term stability. 

Therefore, it is crucial to understand the complex causes of 

deactivation and start testing under more realistic operation 

conditions.  
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oxidation can potentially control these emissions, but the typical catalysts suffer from fast deactivation under operating conditions. 

Here, we review the recent advances in complete methane oxidation using zeolite-supported metal nanoparticles, which hold great 

promise to increase the lifetime of the catalysts.  
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